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Introduction
Ambergris is a natural product which occurs only rarely as large coproliths in about 1% of Sperm whales (reviewed by Clarke 2006) . Sometimes it is also washed up as jetsam on beaches, which can occur more or less worldwide (Kemp 2012) . However, many jetsam samples, such as some of those reported in the media, are unverified: chemical analysis has revealed that few are in fact, ambergris (Sutton and Rowland 2018) . Those jetsam samples which have been verified by analysis usually comprise mainly the terpenoid, ambrein (Figure 1) with low proportions of faecal steroids (Rowland and Sutton 2017) . In contrast, Sperm whale ambergris (rather than jetsam) often contains much higher proportions of these steroids (Baynes-Cope 1962; Korzh and Strigina 1972; Rowland and Sutton 2017) .
Depending on the conditions, environmental modification of jetsam ambergris may produce substances with distinctive odors. Odorous samples have been considered valuable in perfumery since ancient times (Lederer 1950; Freedman 2015) . Indeed, ambergris is one of the more sought after raw materials used in perfumery. Its value to perfumers depends on the fixative properties of non-odorous, tricylic, ambrein and also on the composition of co-occurring Please note: This is an accepted manuscript pre-publication. Readers are advised to consult the final, published, version to avoid confusion: doi: 10.1080/14786419.2018.1428599 3 very odorous, mono-, bi-and tricyclic volatile compounds (Serra 2013) . These are formed naturally in trace amounts from ambrein by autoxidation or photo-oxidation; processes which may be simulated in the laboratory (Ohloff et al. 1972) , or enhanced by 'ageing' in ethanolic solutions or tinctures (Mookherjee and Patel 1977; Awano et al. 2005 ).
However, in addition to its use as a fixative and precursor of odorants in perfumery, ambrein has also been reported to exhibit a number of biochemical and medical properties (Taha 1989 (Taha , 1991 (Taha , 1992 Taha et al. 1995 Taha et al. , 1998 Raza et al. 2007 ).
As a result, the determination of ambrein content is important for verification of jetsam as ambergris (Rowland and Sutton 2017) , whilst the evaluation of the value of ambergris samples for perfumery may also require characterization of the volatiles (Awano et al. 2005 ) and ideally, determination of the concentrations.Until recently, few analyses of whole unfractionated, lipidsoluble extracts of ambergris had been published. However, when a study of twelve extracts of ambergris from Sperm whales and jetsam was made by Fourier transform infra-red spectroscopy (FTIR) and, after derivatisation, by gas chromatography-mass spectrometry (GC-MS) (Rowland and Sutton 2017) , it was found that ambrein comprised between 26 and 97% of the GC-MS detectable constituents in the soluble fractions. The other major constituents, which were detectable by GC-MS in some of the ambergris samples excised from Sperm whales, were the aforementioned faecal steroids (Rowland and Sutton 2017) .
Since the latter GC-MS procedure required a derivatisation step prior to analysis (Governo et al. 1977) , we sought to investigate additional, complementary analytical methods, which like FTIR, were rapid, but which were more specific than FTIR and which avoided the need for the derivatisation step used in the GC-MS method. 1 H NMR spectroscopic methods have been used occasionally to study chromatographic fractions of ambrein isolated from ambergris (Moniz and Hammond 1996) , although neither 1 H nor 13 C NMR spectra of whole extracts have been reported, to our knowledge. Therefore, we sought to investigate the characteristics of the 1 H and 13 C NMR spectra of whole extracts of two ambergris samples which were shown previously (Rowland and Sutton 2017) to be representative of the range of 'purities' encountered for ambergris. One was a jetsam sample determined previously to comprise relatively pure ambrein by GC-MS/derivatisation and one, excised from a Sperm whale, was shown to contain high proportions of co-occurring constituents, mainly a range of faecal steroids (Rowland and Sutton 2017) . To add further to the very sparse database for the composition of ambergris from Sperm whales (Lederer et al. 1946;  Please note: This is an accepted manuscript pre-publication. Readers are advised to consult the final, published, version to avoid confusion: doi: 10.1080/14786419.2018.1428599 4 Lederer 1950; Baynes-Cope 1964; Rowland and Sutton 2017) , GC-MS and FTIR data were also obtained for extracts of a further seven archived museum samples.
2.
Results and discussion
H NMR spectroscopy
The proton NMR spectrum of a whole dichloromethane extract (100% of the mass) of a silvercoloured sample of jetsam ambergris collected from a beach in New Zealand (Rowland and Sutton 2017), re-dissolved in deuterated chloroform, is shown in Figure 1a . Previously this extract was shown to comprise mainly ambrein (C30H52O) by GC-MS of the trimethylsilyl ethers (Rowland and Sutton 2017) .
Resonances at 4 to about 5 ppm ( Figure 1a ) in the 1 H NMR spectrum were assigned to alkenic protons by comparison with published spectra for synthetic ambrein (Oritani et al. 1970; Mori and Tamura 1990; Moniz and Hammond 1996) and enzymatically-produced ambrein (Ueda et al. 2013) . Thus, using the original numbering system of Mori and Tamura (1990) for consistency, (as did Moniz and Hammond, 1996) , the two broad singlets occurring at 4.5 and 4.7 ppm were assigned to the two methylenic protons (6"=CH2). Similarly, the triplet at about 5. The resonances occurring in this region were each assigned to C6", 4', 3' and the methylenic C6"=CH2. In addition, the resonance due to C2 was also assigned (Figure 1b atoms of ambrein could still be recognised, as described above for the jetsam sample ( Figure   1b ), but the number of signals arising from carbon atoms of components other than ambrein, was much greater and more pronounced (Figure 1d ).
GC-MS
Given the rather sparse current database for ambergris composition from whales (Lederer 1950; Baynes-Cope 1964; Rowland and Sutton 2017) , we also obtained GC-MS and FTIR data of a further seven archived Sperm whale ambergris samples. Extraction and dissolution into dichloromethane, revealed that 84% to 96% of the whole masses of samples Albany 1-7
collected from Sperm whales harvested at the whaling station in Albany, Western Australia during the period estimated 1955 to 1978 (likely mostly towards the latter date), were
Please note: This is an accepted manuscript pre-publication. Readers are advised to consult the final, published, version to avoid confusion: doi: 10.1080/14786419.2018.1428599 6 dichloromethane-soluble (Table S1 ). The insoluble material was not examined further. Each sample contained five main components and several trace components (A1-D, Figure S4 ). As expected, a distinctive component was ambrein ( Figure S4 , peak D), which had been converted efficiently to the TMS ether in the derivatised samples ( Figure S4 ), as shown previously (Rowland and Sutton 2017) . Minor amounts of other components, including ambroxan and ambreinolide, were identified in some samples by GC-MS ( Figures S3 and S4 ). The proportions of steroids were also high ( Figure S4 ). Thus it seems that many samples obtained directly from whales have higher proportions of faecal steroids relative to ambrein, than jetsam samples;
though not all (Rowland and Sutton, 2017 and herein) . The ratio of epicoprostanol to ambrein has been used previously as a measure of ambergris 'quality' ( 
Conclusion
The advantages of NMR spectroscopy for assignment of jetsam ambergris included the rapidity of the method and the lack of a need for derivatisation procedures. NMR spectral analysis also provided the capability of quickly ruling out jetsam samples that did not contain ambrein (i.e. which were not ambergris). However, co-occurring steroids could not be assigned or so easily quantified in the whole, unfractionated extracts, by NMR. An approach combining FTIR, GC-MS and NMR methods is therefore advocated. For perfumery, simultaneous quantitative determination of volatile components may also be required. The latter will be the subject of future studies.
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Methods
Core samples were taken from specimens of ambergris using an acetone rinsed scalpel blade and spatula and digested by sonication (2 x 5 min) in dichloromethane (Table S1 ). Samples for Fourier Transform infrared spectroscopy (FTIR) analysis were prepared at a nominal concentration of 10 mg mL -1
. Aliquots of the digest were taken and diluted for direct analysis of the underivatised sample, or dried under a gentle stream of nitrogen (40°C) and derivatised to their trimethylsilylated derivatives with BSA/TMCS/TMSI (3:2:3; 'Sylon BTZ'; 100 μL; 70°C; 1 h) and reconstitution in solvent, prior to analysis. Samples for NMR analysis were blown down to dryness in a gentle stream of nitrogen gas then re-dissolved in deuterated chloroform (CDCl3).
NMR spectroscopy was performed using a JEOL ECP-400 NMR Spectrometer with chemical shifts measured relative to CDCl3 ( 1 H: 7.24 ppm; 13 C: 77.0 ppm).
Please note: This is an accepted manuscript pre-publication. Readers are advised to consult the final, published, version to avoid confusion: and at 935 and 887 cm -1 to C-H out of plane bends in alkenes. The spectra were similar in several aspects to those of Rowland and Sutton (2017) and that published by Governo et al. (1977) for a sample of ambrein isolated from ambergris: the presence of the transmittance attributed to the keto group in the latter was not explained by the latter authors, but the other features are consistent with the known structure of ambrein and with the spectrum of synthetic ambrein.
Please note: This is an accepted manuscript pre-publication. Readers are advised to consult the final, published, version to avoid confusion: doi: 10.1080/14786419.2018.1428599 Please note: This is an accepted manuscript pre-publication. Readers are advised to consult the final, published, version to avoid confusion: doi: 10.1080/14786419.2018.1428599 Figure S3 . GC-MS total ion current chromatograms of a mixture of reference n-alkanes (C25-34) and extracts of a non-derivatised sample of 'silver' jetsam ambergris from New Zealand (Sample 11, Rowland and Sutton 2017, 97% ambrein) and of non-derivatised samples (Albany 1-7) of ambergris from Southern Ocean Sperm whales collected . Components E are three isomeric ambratrienes, artifacts resulting from in-injector dehydration of ambrein, identified by mass spectral interpretation and comparison with the data of Governo et al. (1977) ; component D comprises co-eluting epicoprostanol and ambrein. Minor early-eluting components (ca. 20-22 minutes retention time) include ambroxan and ambreinolide and other known and unknown components, likely of autooxidation of ambrein (Ohloff, 1982) , identified herein by comparison of mass spectra with published spectra (e.g. Mori and Tamura 1990). Please note: This is an accepted manuscript pre-publication. Readers are advised to consult the final, published, version to avoid confusion: doi: 10. Please note: This is an accepted manuscript pre-publication. Readers are advised to consult the final, published, version to avoid confusion: 
